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ABSTRACT: Kallikrein-related peptidase 4 (KLK4) is a
serine protease that has putative intracellular and extracellular
functions in prostate cancer progression. Here we show that
MCoTI-1I, a 34-amino acid cyclic peptide found in the seeds
of red gac (Momordica cochinchinensis), is an inhibitor of
KLK4. By grafting a preferred KLK4 cleavage sequence into
MCoTL-I, we produced a highly potent KLK4 inhibitor (K; =
0.1 nM) that displayed 100,000-fold selectivity over related
KLKs and the ability to penetrate cells. Additionally, by

Engineer
binding loop

substituting positively charged noncontact residues in this compound, we produced a potent and selective KLK4 inhibitor that
does not penetrate cells. The inhibitors were shown to be nontoxic to human cells and stable in human serum. These KLK4
inhibitors provide useful chemical tools to further define the role(s) of both intracellular and extracellular KLK4 in prostate

cancer cell lines and disease models.
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Kallikrein-related peptidase 4

he kallikrein-related peptidase (KLK) family comprises

1S serine proteases that have tissue-specific, hormone-
regulated expression profiles and are implicated in a range of
diseases, including cancers." The most well-known KLK is
prostate-specific antigen (KLK3), which has been utilized as a
serum biomarker of prostate cancer progression for decades.”
Another member of the family, KLK4, is overexpressed in
prostate cancer,” ® and ectopic expression of KLK4 in prostate
cancer cell lines is associated with increased cell motility™” and
proliferation.”® KLK4 can cleave extracellular proteins that
modulate cytoskeletal organization, extracellular matrix adhe-
sion, and cell migration, resulting in an epithelial to
mesenchymal transition that may facilitate prostate cancer
metastasis to bone.”” KLK4 and the protease-activated
receptors (PARs) 1 and 2 colocalize in prostate cancer
primary tumors and bone metastases, and KLK4 can activate
PAR-1 and PAR-2 in prostate cancer cell lines.”'”"" These
findings indicate that inhibiting KLK4 might be an approach
for developing new prostate cancer therapies.

In a previous study we used the 14-amino acid cyclic peptide
sunflower trypsin inhibitor-1 (SFTI-1) to design a potent and
selective KLK4 inhibitor."”~"* SFTI-1 is a reversible inhibitor
of several serine proteases from the S1 family, including
trypsin,ls’16 KLKs,"’ matriptase,18 and cathepsin G," and has
been used to develop engineered inhibitors for a range of
protease targets. To design the KLK4 inhibitor based on SFTI-
1, we screened KLK4 against a noncombinatorial peptide
substrate library to identify a preferred P4—P1 cleavage
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sequence (FVQR) and substituted this sequence into the
contact f-strand of SFTI-1 (Figure 1).'* The resulting peptide
(SFTI-FCQR) potently inhibited KLK4 and blocked KLK4-
mediated PAR-2 activation in cell-based assays."”

Although KLKs are mostly associated with extracellular
functions, KLK4 has also been reported to be present in the
cytoplasm and nucleus in prostate cancer primary tumors,
bone metastases, and cell lines.>*®®° Thus, it has been
proposed that KLK4 has both intracellular and extracellular
prostate cancer-promoting functions. For example, intracellular
KLK4 has been reported to be involved in activating the
mammalian target of rapamycin (mTOR) pathway in prostate
cancer cells.® Activation of the mTOR pathway occurs in many
cancers, including prostate cancer.’’ Additionally, siRNA
knockdown of intracellular KLK4 in human prostate tumor
xenografts was shown to reduce tumor growth in vivo.”
However, whether the putative functions of intracellular KLK4
relate to proteolytic activity remains a subject of debate.
Indeed, a KLK4 transcript variant that displays nuclear
localization lacks exon 1,* which encodes the first 19-residues
of the mature enzyme (Ile16—Val34, chymotrypsin number-
ing). Additionally, while full-length KLK4 has been reported to
show cytoplasmic localization,” a KLK4 mutant where the
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SFTI-FCQR  GFCQRSIPPICFPD

MCoTHI  GGYCPKILKKCRRDSDCPGACICRGNGYCGSGSD

MC-FCQR  GGFCQRILKKCRRDSDCPGACICRGNGYCGSGSD

Figure 1. Strategy for designing KLK4 inhibitors based on MCoTI-II.
Ribbon diagram of SFTI-FCQR (left, PDB ID 4K1E) and MCoTI-II
(right, PDB ID 4GUX) with disulfide bonds shown in ball and stick
representation. The modified residues in SFTI-FCQR are shown in
stick model (P4 Phe, P2 Gln and P1 Arg) with carbon atoms in cyan.
The P4—P1 segment of MCoTI-II (cyan) has the same structure as
SFTI-FCQR, allowing substitution of the FCQR sequence into
MCOoTI-II to generate the KLK4 inhibitor MC-FCQR. The sequence
of each inhibitor is shown in single letter amino acid code (colored to
match the ribbon diagram).

catalytic Ser was substituted to Ala (S195A) was also capable
of modulating intracellular signaling pathways.” These findings
suggest that inhibitors with cell penetrating properties may be
useful for further exploring the intracellular functions of KLK4.

Momordica cochinchinensis trypsin inhibitor-1I (MCoTI-II) is
a member of the squash family of serine protease inhibitors and
has been shown to internalize into cells without disrupting the
cell membrane.”*> MCOTI-II is a 34-amino acid backbone
cyclic peptide with three disulfide bonds**** (Figure 1). It
enters cells via macropinocytosis, with mutagenesis studies
showing that this process is influenced by a surface patch of
positively charged residues on MCoTI-IL.>” MCoTI-II also has
exceptional thermal, chemical, and enzymatic stability, making

it an attractive scaffold for drug design.~>’ Engineered
inhibitors based on MCoT1I-II have been developed for a range
of serine proteases, including S-tryptase,”””” elastase,”
matriptase, °° and factor XIla (FXIIa).”' Additionally,
MCoTI-variants have been used to design cell penetrating
peptides that target intracellular pathways implicated in
cancer.”” Collectively, these findings indicate that MCoTI-IT
is a potential template for designing inhibitors that can target
intracellular KLK4.

Screening MCoTI-II against KLK proteases revealed that it
was a potent inhibitor of KLK4 (K; = 1.6 nM), but not the
closely related proteases KLKS, KLK7, and KLK14 (Table 1).
Previously, we identified that FVQR is a preferred KLK4
cleavage sequence that can be used for inhibitor design by
substituting the P1 Arg, P2 Gln, and P4 Phe residues into the
binding loop of SFTI-1."* The trypsin binding loop of MCoTI-
II has the same structure as SFTI-1 across the P1—P4 residues,
as revealed by NMR spectroscopy (in solution)**** and X-
crystallography (in complex with trypsin)."*** Therefore, we
hypothesized that the P1, P2, and P4 residues of MCoTI-II
could be modified to produce a novel inhibitor of KLK4. The
trypsin binding loop of MCoTI-II has a different sequence to
SFTI-1 and includes a Pro residue at P2 (Figure 1). Therefore,
when designing MCoTI-II variants based on the FVQR
sequence, we substituted each residue individually to generate
compounds MC-K6R (P1 Arg), MC-PSQ_(P2 GIn), and MC-
V3F (P4 Phe). Each variant showed an increase in activity
against KLK4, with the most potent variant being MC-PSQ
(12-fold improved activity). This result shows that the
conserved P2 Pro in the squash inhibitor family is not essential
for activity and can be substituted during the design process, as
we demonstrated previously for FXIla inhibitors based on
MCOTI-IL*" Combining all three substitutions in one variant
produced an inhibitor (MC-FCQR) that was slightly more
potent against KLK4 (K; = 0.1 nM) and displayed more than
100,000-fold selectivity over KLKS, KLK7, KLK14, plasmin,
FXIIa, thrombin, and plasma kallikrein. MC-FCQR also

Table 1. Inhibitor Sequences and Inhibition Constants (K;)

Inhibitor Sequence” Protease K; (nM)
MCoTI-II GGVCPKILKKCRRDSDCPGACICRGNGYCGSGSD KLK4 1.6 + 0.1
Plasmin 28 + 6
Trypsin 0.0023 + 0.0007"
FXIla 750 + 80!
Other proteases” >10,000
MC-K6R GGVCPRILKKCRRDSDCPGACICRGNGYCGSGSD KLK4 0.30 + 0.1
MC-PSQ GGVCQKILKKCRRDSDCPGACICRGNGYCGSGSD KLK4 0.13 + 0.08
MC-V3F GGFCPKILKKCRRDSDCPGACICRGNGYCGSGSD KLK4 13+ 04
MC-FCQR GGFCQRILKKCRRDSDCPGACICRGNGYCGSGSD KLK4 0.10 + 0.03
Trypsin 31+3
FXa 500 + 10
Other proteases” >10,000
MC-FCQR-QK GGFCQRILQQCQQODSDCPGACICKGNGYCGSGSD KLK4 0.44 + 0.15
Trypsin 6.9 + 0.7
FXa 520 + 10
Other proteases” >10,000
MC-K6R-QK GGVCPRILOQCQQDSDCPGACTCKGNGYCGSGSD KLK4 1.8 + 0.5

“All peptides have a cyclic backbone with disulfide bonds between C4—C21, C11—-C23, and C17—C28. Substituted residues are shown in bold,
and Lys residues used for Alexa Fluor 488 labeling are underlined. bKLKS, KLK7, KLK14, FXa, thrombin, and plasma kallikrein. “KLKS, KLK?7,

KLK14, plasmin, FXIIa, thrombin, and plasma kallikrein.
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showed 18,000-fold weaker activity against trypsin compared
to MCoTI-II and 5,000-fold selectivity over factor Xa.

A model of the KLK4/MC-FCQR complex was created
using the KLK4/SFTI-FCQR (PDB ID: 4K1E) and trypsin/
MCoTII (PDB ID: 4GUX) structures to explore the high
potency and specificity of MC-FCQR. The KLK4/MC-FCQR
model was subjected to molecular dynamics simulations, and
the most prevalent conformation is shown in Figure 2. The

Figure 2. Model of the KLK4/MC-FCQR complex. MC-FCQR is
displayed in stick model (backbone atoms) with selected side chains
shown (carbon: green, nitrogen: blue, oxygen: red, sulfur: yellow) on
the electrostatic surface of KLK4 (blue: positive, red: negative).
Selected hydrogen bonds are shown as dashed lines (cyan). Residues
in MC-FCQR and KLK4 are labeled in black and white, respectively.

model suggested that the modified P4—P1 sequence FCQR
bound to KLK4 in an almost identical manner to the
corresponding sequence in the structure of the engineered
SFTI-variant in complex with KLK4 (Figure S1, RMSD of 0.6
A across all P4—P1 atoms)."* Favorable interactions were also
identified outside of the P4—P1 segment. For example, MC-
FCQR residues Lys10 (P4’) and Tyr28 appeared to interact
with Glu38 of KLK4 via a salt bridge and hydrogen bond,
respectively. This interaction highlights one of the advantages
of using MCoTI-II as a design scaffold as it contains several
binding loops that are able to engage different regions of the
active site cleft and can be targeted in engineering studies.
Since KLK4 has been reported to have intracellular cancer-
promoting functions,” we next evaluated the cell internal-
ization efficiencies of MCoTI-II and MC-FCQR using HeLa
cells. These experiments were performed using Alexa Fluor 488
conjugated inhibitors to allow measurement of the level of
internalized peptide. The fluorescence signal of HeLa cells
treated with peptide (4 uM) was read before and after addition
of trypan blue (a fluorescence quencher that cannot cross cell
membranes). Accordingly, this experiment can distinguish
between a cell penetrating peptide and a peptide that binds to
the membrane without being internalized but does not reveal
the peptide’s intracellular localization (whether it has escaped
from endosomes). The established cell penetrating peptide
HIV-Tat and its poly-Gly variant HIV-Tat-G were used as
positive and negative controls, respectively. MCoTI-II
internalized into cells with 14% of the efficiency of HIV-Tat
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compared to 23% for MC-FCQR, with this difference being
statistically significant (Figure 3). The increase in cellular
uptake observed for MC-FCQR may be due to the V3F and
K6R substitutions promoting increased membrane binding.
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Figure 3. Peptide internalization into HeLa cells quantified by flow
cytometry. The relative mean fluorescence of MCoTI-II and MCoTI-
variants (4 #M) was measured before (white bars) and after (black
bars) the addition of trypan blue and was normalized to the positive
control HIV-TAT peptide (post-trypan blue). Statistical significance
was determined using one-way ANOVA with Tukey’s post hoc test.
Three independent experiments were performed, and error bars
represent the standard deviation. * = p-value <0.05, ** = p-value
<0.005, **** = p-value <0.00005, and ns = not significant.

Considering that KLK4 also has extracellular functions, we
next focused on engineering a similarly potent KLK4 inhibitor
based on MCoTI-II that is not taken up by cells. Since cellular
uptake of MCoTI-II is influenced by its positive charge,”"* we
substituted Lys9, Lys10, Argl2, and Argl3 with Gln in MC-
K6R and MC-FCQR to produce MC-K6R-QK and MC-
FCQR-QK, respectively. Testing these inhibitors in cell
internalization assays revealed that neither of these inhibitors
showed detectable levels of cellular uptake (Figure 3). In
enzyme inhibition assays, MC-FCQR-QK retained potent
activity against KLK4, although the level of activity was 4-fold
weaker compared to MC-FCQR. MC-K6R-QK also showed
weaker activity compared to MC-K6R (Table 1).

For these KLK4 inhibitors to be useful as tools in
experiments with cancer cells, they need to be both nontoxic
to cells and stable in a serum environment. The toxicity and
stability of selected peptides were evaluated using HeLa cells
and human serum, respectively. As previously reported for
MCOoTI-I, none of the peptides tested were toxic to HeLa cells
at concentrations up to 64 uM (Figure 4A). The stability of
MC-FCQR and MC-FCQR-QK was investigated in human
serum and, as for native MCoTI-II, these variants showed high
stability in human serum for at least 24 h (Figure 4B).

In conclusion, this study presents two promising lead
compounds that have been designed to target KLK4 in either
the intracellular (MC-FCQR) or extracellular (MC-FCQR-
QK) space. Both compounds are highly potent, and selective
inhibitors of KLK4, show no toxicity to HeLa cells and are
highly stable in human serum. One potential drawback is that
both MCoTI-variants show slight off-target activity against
FXa. However, this study has focused predominantly on the
P1—P4 residues of MCoTI-II and the scaffold has additional
contact residues that can be engineered to improve the
inhibitor’s activity and selectivity in future studies. Nonethe-
less, these inhibitors are suitable for further experiments using
human prostate cancer cell lines, or in vivo prostate cancer
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Figure 4. Cellular toxicity and serum stability of MCoTI-II variants.
(A) HelLa cells were incubated with MCoTI-II analogues for 2 h prior
to incubation with resazurin for 18 h at 37 °C. The absorbance of the
metabolite product resorufin was read on a microplate spectropho-
tometer at 540 and 620 nm. The cell viability percentage was
quantified as the absorbance ratio (Agg nm/Asso nm)- (B) Serum
stability of selected MCoTI-II variants. The stability was calculated as
a percentage of the area under the curve for the peptide peak in serum
(detected by analytical HPLC) at each time point compared to the
peptide peak in PBS at 0 h. The error bars represent standard
deviation values from three independent experiments.

models, to further identify the potential roles of KLK4 in
cancer progression.
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